Citation: Tsai TI, Joachimsthaler A, Kremers J. Mesopic and photopic rod and cone photoreceptor-driven visual processes in mice with longwavelength-shifted cone pigments. Invest Ophthalmol Vis Sci. 2017;58:5177-5187. DOI:10.1167/ iovs.17-22553 PURPOSE. The clearer divergence in spectral sensitivity between native rod and human L-cone (L*-cone) opsins in the transgenic Opn1lw LIAIS mouse (LIAIS) allows normal visual processes mediated by these photoreceptor subtypes to be isolated effectively using the silent substitution technique. The objective of this study was to further characterize the influence of mean luminance and temporal frequency on the functional properties of signals originating in each photoreceptor separately and independently of adaptation state in LIAIS mice.
PURPOSE. The clearer divergence in spectral sensitivity between native rod and human L-cone (L*-cone) opsins in the transgenic Opn1lw LIAIS mouse (LIAIS) allows normal visual processes mediated by these photoreceptor subtypes to be isolated effectively using the silent substitution technique. The objective of this study was to further characterize the influence of mean luminance and temporal frequency on the functional properties of signals originating in each photoreceptor separately and independently of adaptation state in LIAIS mice.
METHODS. Electroretinographic (ERG) recordings to sine-wave rod and L*-cone modulation at different mean luminances (0.1-130.0 cd/m 2 ) and temporal frequencies (6-26 Hz) were examined in anesthetized LIAIS (N ¼ 17) and C57Bl/6 mice (N ¼ 8).
RESULTS. We report maximum rod-driven response with 8-Hz modulation at 0.1 to 0.5 cd/m 2 , which was almost four times larger than maximum cone-driven response at 8 Hz, 21.5 to 130 cd/m 2 . Over these optimal luminances, both rod-and cone-driven response amplitudes exhibited low-pass functions with similar frequency resolution limits, albeit their distinct luminance sensitivities. There were, however, two distinguishing features: (1) the frequencydependent amplitude decrease of rod-driven responses was more profound, and (2) linear relationships describing rod-driven response phases as a function of stimulus frequency were steeper.
CONCLUSIONS. Employing the silent substitution method with stimuli of appropriate luminance on the LIAIS mouse (as on human observers) increases the specificity, robustness, and scope to which photoreceptor-driven responses can be reliably assayed compared to the standard photoreceptor isolation methods.
Keywords: electrophysiology, mouse model, rod, cone, photoreceptor isolation F or many electroretinographic (ERG) studies in mice, the mainstay animal model for studying normal human visual processing and disease-related pathophysiology, the separation of signal processes driven by the cone and rod photoreceptors is of great importance. This may be to better our understanding of the panoply of visual pathways that serve the visual system. Furthermore, retinal diseases that primarily affect rods or cones can be studied more easily if their signals can be separated. Generally, this separation is achieved on the basis of the mean luminance adaptation (where rods and cones are more active under scotopic and photopic conditions, respectively), 1 or in mice, in which one of the two is a genetic knock-out (KO) (e.g., Cpfl , and Rho À/À mice) [2] [3] [4] [5] or modified to be nonfunctional (e.g., Gnat2
cpfl3 and Gnat1 À/À mice). 6, 7 The latter method has the disadvantage that the animals cannot be considered as physiologically normal. Therefore, the measured ERG signals from KO mice should be considered with some caution. For instance, Cpfl À/À and Rpe65 À/À mice, both thought to be devoid of cones, still show functional activity at photopic conditions or have rod signals that assume cone-like properties, 8 respectively. Similarly, rodless Rho À/À mice are considered to have normal functioning cones only between age 4 and 6 weeks. 9 Furthermore, even if the photoreceptors themselves are functionally normal, the inherent interactions between rods and cones (i.e., via mutual gap junctions) 10 detectable in the mouse ERG of ex vivo eye preparations are missing. 11 With the former method, a direct comparison of rod-and cone-driven signals is not possible because the retinae are in different states of adaptation, which also influences the mode of operation of postreceptoral circuitries. A direct comparison would be possible if the separation could be obtained using the silent substitution method that is based on differences in the absorption spectra of the rods and cones (reviewed in Ref. 12) . Because this method allows for independent modulation of each photoreceptor type around the mean luminance and chromaticity, factors such as temporal frequency, waveform, and contrast can be studied independently.
Unfortunately, in the wild-type (WT) mouse, the spectral separation of rod and M-cone absorption spectra is only a few nanometers, 13, 14 thereby limiting the modulation of excitation in the isolated photoreceptor type. A solution to this problem comes in the form of mice strains, in which the native M-cone pigments are replaced by a variant of the human L-cone (L*-cone) pigment. [15] [16] [17] The appeal of the these strains lies in the increased spectral separation between rods (absorption spectrum maximum at 498 nm) and the substitute expression of medium-to long-wavelength L*-cones (peak absorption at 561 nm) in place of the native mouse M-cone opsin (508 nm). Otherwise, these strains are structurally and physiologically identical to WT animals. Because of this, each photoreceptor subtype can be individually modulated at a greater depth (i.e., to obtain larger responses) and over a greater dynamic range under identical retinal states of adaptation using silent substitution ERG paradigms 12 to allow a more comprehensive study of their physiological properties.
A handful of studies to date have demonstrated the functional advantage of using mice possessing long-wavelength-shifted cone opsins (Opn1lw LIAIS [LIAIS] or a related strain Opn1mw R ) 15, 16 over the WT mouse for studying visual processes pertaining to specific photoreceptor-driven activity using the ERG. [18] [19] [20] We previously demonstrated the use of the silent substitution method for separating rod-and cone-driven signals in the LIAIS mouse. 18 Human studies showed that rod activity can be obtained at frequencies (up to about 20 Hz) and retinal illuminances (up to 284 photopic candela per square meter [phot cd/m 2 ]), [21] [22] [23] [24] [25] at which they were conventionally thought to be insensitive. 26 It is therefore of importance to explore the range of luminances and frequencies at which rodand cone-driven signals can be obtained reliably in the LIAIS mouse. In a previous study by Allen and Lucas 19 on Opn1mw R mice, the influence of luminance was studied using flashed stimuli. They found that rod-and cone-driven responses have clearly separated luminance regions of maximal activity, with the change between rod-and cone-driven ERG responses occurring at about 10 4 isomerizations per rod per second (R*/ rod/s). Much larger rod-driven compared to L(*)-cone-driven flash ERGs were also duly isolated. 19 However, with flashes, a change in stimulus strength or flash frequency also changes the state of adaptation. Furthermore, flashes contain higher harmonics that also elicit ERG responses, thereby precluding a study of the temporal frequency on ERG signals.
The aim of the present study was to expand the functional profiling of rod-and L*-cone-driven flicker ERG characteristics using sine-wave modulation of the excitation of single photoreceptor types at different temporal frequencies in the LIAIS mouse (as first performed in Tsai et al. 18 ) and at adaptation conditions between 0.1 and 130 cd/m 2 spanning three orders of magnitude in luminance levels. A frequency run from 6 Hz (instead of from 3 Hz) was adopted here, as it is generally high enough that the ERG waveforms will not be disrupted by the low-frequency respiratory movements of the animals 18 (also evident in Fig. 1C ). Moreover, we presume that the rod/L*-cone isolated responses to flicker stimuli above 4 Hz would contain minimal input and influence 19, 27 from the sluggish responses mediated by intrinsically photoreceptive retinal ganglion cells that contain melanopsin (ipRGCs), [28] [29] [30] [31] [32] which are also active at mesopic to photopic light levels. 20, 28, 33 As opposed to stimulating either the rod/ipRGC or whole cone populations (i.e., cones expressing either and both S-and Lopsins) in Allen and Lucas's Opn1mw R mice study, 19 the stimuli here were calibrated to modulate either the rod or L*-cone subtypes alone. As mentioned above, employing sinusoidal modulation instead of flashes allows the independent control of the state of adaptation and of temporal frequency on the magnitude (i.e., response amplitude) and time delay (i.e., response phase) of each response type to be studied under specified modes of operation in the retina. A further objective here was also to explore the narrow 19, 34, 35 mesopic illumination range in detail to find the point at which processes underlying the flicker ERG transitions from being rod dominated to L*-cone dominated. Lastly, we aimed to propose optimal rod-and L*-cone-isolation conditions for mouse flicker ERG recordings and compare them to available data for humans. [21] [22] [23] 36 MATERIALS AND METHODS
Ethical Approval
All protocols and methods described in this study were approved by the local animal welfare authorities (Regierungspräsidium Mittelfranken, Ansbach, Germany) and adhered to the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research and the Society for Neuroscience.
Experimental Animals
ERG measurements were recorded from 25 mice: 17 LIAIS (13 hemizygous male, 4 homozygous female, 9.5-13 months) and 8 WT littermates of C57Bl/6J origin (male, 10-12 months). The LIAIS mice were created in embryonic stem cells from 129/SJ mice to generate the targeted replacement. The initial targeted replacement mice were mated to a cre line made on the C57Bl background (unspecified if 6J or 6N strains; Ozgene, Perth, Australia). LIAIS refers to the transgenic Opn1lw LIAIS strain originally described by Greenwald et al. 15 and later by Tsai et al., 18 which were sourced from the University of Washington (Seattle, WA, USA). Homozygous females and hemizygous males of this strain feature a common L*-cone opsin (with the amino acids leucine, isoleucine, alanine, isoleucine, and serine located at positions 153, 171, 174, 178, and 180, respectively, hence termed ''LIAIS'' and hereafter denoted as L*-cone) instead of the endogenous mouse M-cone opsin in WT littermates with a normal C57BL/6J background. All animals otherwise expressed normal mouse rhodopsin and S-opsin. This opsin substitution has been shown to induce only a spectral sensitivity shift of the cones toward longer wavelengths, with a maximum sensitivity at about 561 nm instead of 508 nm, 13, 14, 37, 38 and not influence cone structure nor function.
15,18

Electroretinography
Mouse flicker ERG procedures were the same as those described previously. 18 Animals kept in a 12-hour dark-light cycle were dark adapted overnight before the experiment session. With the aid of a dim red light, anesthesia was induced by an intramuscular injection of 50:10 mg/kg ketamine/ xylazine (Ketavet; Pfizer, Karlsruhe, Germany; Rompun 2%; Bayer AG, Leverkusen, Germany). A subcutaneous injection of saline solution (10 mL/kg, 0.9%) protected them from dehydration while under sedation. Topical mydriatics (1 drop [gtt] tropicamide; Mydriaticum Stulln, 5 mg/mL, Pharma Stulln, Stulln, Germany, and 1 gtt phenylephrin-hydrochloride; Neosynephrin POS 5%, Ursapharm, Saarbrücken, Germany) were given to dilate the pupils (to approximately 3-mm diameter). ERG electrodes consisted of ground and reference needles (subcutaneously at the base of tail and on forehead medial to eyes, respectively) and binocular corneal-active contact lenses (Mayo Corp., Inazawa, Japan) internally covered with Corneregel (Dr. Mann Pharma, Berlin, Germany). These were arranged while the mouse was lying on a sliding, heated platform that faced the Ganzfeld bowl (Q450SC; Roland Consult GmbH, Brandenburg, Germany). Throughout the recording sessions, core body temperature was maintained. Each mouse underwent up to five recording sessions (see protocol below), with each session limited to an hour and two sessions at least 1 week apart. Once the study was completed, the animals were sedated with isoflurane and humanely euthanized.
Silent Substitution Stimuli
All stimuli employed were generated on the Ganzfeld stimulator controlled using the manufacturer-scripted RetiPort system (Roland Consult Q450SC). Visual stimulation constituted double silent substitutions used in Tsai et al., 18 whereby ERG responses from rod, native mouse M-cone, or L*-cone were obtained in isolation using sine-wave temporal modulations of three light-emitting diodes (LEDs; red: peak wavelength of 625 nm; green: 525 nm; and blue: 470 nm). A spectroradiometer (CAS 140; Instrument Systems, Munich, Germany) measured the spectral outputs of the LEDs, and their overall outputs were checked using a spot luminance meter (LS-110; Konica Minolta, Munich, Germany). Nomograms of Lamb 39 were used to estimate the absorption spectra (using k max : 355 nm for the S-cones, 13 498 nm for the rods, 506 nm for the native M-cones, and 565 nm for L*-cones). These were corrected for preretinal absorption (except for the L*-cones, which were considered to be sensitive in a wavelength range where preretinal absorption has a negligible influence). The integral of the multiplication of the photoreceptor corrected absorption spectra (equivalent to the fundamentals in humans), and the emission spectra of the LEDs determined the excitation for each photoreceptor type by each of the LEDs. 40 The total photoreceptor excitation thus equaled the sum of the photoreceptor excitations to each of the LEDs. Rod and cone contrasts (C) were calculated as Michelson contrast using the maximal and minimal excitations (E max and E min , respectively) during stimulation:
See Table 1 in Tsai et al. 18 for details on the LED and corresponding photoreceptor contrasts of the rod-, M-coneand L*-cone-isolating stimuli for WT and LIAIS mice. Each LED set was modulated around a specific mean luminance given in photometric units, photopic candela per square meter, that are weighted with the human photopic spectral luminosity function, V k . Photopic candela per square meter is not a useful metric for quantifying luminances in absolute terms for mice Table 1 for conversions to scotopic candela per square meter and response per rod per second) from LIAIS (black traces) and WT mice variants (gray traces; at the optimum luminances for rod and cone isolation only). Displayed are identical 500-ms episodes of responses (i.e., averages of left and right eyes of one animal and the two 500-ms episodes that make up the 1-second recording epoch) to sine-wave stimuli of 6 to 26 Hz (indicated at far left) and at the highest attainable contrast (i.e., 55% cone and 75% rod contrasts for LIAIS, 5% rod and cone contrasts for WT animals; see Materials and Methods). (C) Amplitude plots of 8 Hz rod (top panels) and L*-cone ERGs (bottom panels) after FFT (indicated by the arrow), as presented in (A) and (B) to demonstrate the respective changes in their signal-to-noise ratio with mean luminance.
because the human V k is likely to be of no relevance for the mouse. But it is meaningful for giving luminance in relative terms. We also give the luminance expressed in scotopic candela per square meter (scot cd/m 2 ) and photoisomerizations per rod per second (R*/rod/s), which are also more meaningful for quantifying mean luminance for the rod system in mice because it is probably similar compared to the human scotopic spectral luminosity function, V 0 k . Conversions from scotopic candela per square meter to photoisoerizations per rod per second are also provided in Table 1 to aid comparisons. 41 Mean luminances are nevertheless given in photopic candela per square meter throughout the text, unless otherwise stated.
The ratio of red to green to blue LED photopic luminances was always 6:6:1. Therefore, the mean chromaticity of the stimulus was the same in all conditions. At each mean luminance condition near maximal LED contrasts achievable were employed for a clean isolation (i.e., to achieve 75% rod and 55% L*-cone contrasts in LIAIS mice and 5% rod and Mcone contrasts in WT mice; for actual LED contrasts, see Tsai et al., 18 Table 1 ). Double silent substitution means that (1) for the rod-isolating conditions, contrasts in the M-/L*-and S-cone excitations were 0%, and (2) for M-/L*-cone-isolating conditions, contrasts in the rod and S-cone excitations were 0%. The calculations may not be completely correct for cones that double-express S-and M-/L*-opsins because the S-cone pigment and the L*-and particularly the M-pigments may mutually screen each other and thus alter their absorption spectra. However, the number of double-expressing cones is considered too small and the screening effects relatively too insignificant in the LIAIS mice to influence the data. Furthermore, the LED emission spectra hardly overlapped with the S-opsin absorption spectra. ERG data representing those evoked by M-or L*-cone stimulation are therefore referred to simply as those from WT and LIAIS cones, respectively, unless otherwise stated.
Here, the rod-and cone-isolating ERG recordings performed at different frequencies (6, 8, 12, 14, 18, 22 , and 26 Hz) over a range of mean luminance levels between 0.1 and 130 cd/m 2 (see Table 1 ) are considered to cover mesopic to photopic conditions. 42 In most conditions, two of the four LED arrays were covered, and neutral density (ND) filters of 1 or 2 optical density were placed in front of the remaining two LED arrays. These were held in position with custom-made, detachable cardboard frames to minimize variability in how the LEDs were masked after each ND filter change. Resulting photopic mean luminance levels were 0.1, 0.2, 0.5, 1.4, 7, 21.5, and 73 cd/m 2 with these filters ( 
Signal Analyses and Statistics
Electrical signals collected were amplified (100,0003), band-pass filtered (1-300 Hz), and digitized at a sampling frequency of 2048 Hz. Sweeps of 1-second epochs were averaged. Averaged ERGs from the two eyes were Fourier analyzed to extract amplitudes and phases of the signals' first harmonic (fundamental) component (i.e., at the stimulus frequency). The noise level was defined as the mean amplitude at frequencies 61 Hz of the stimulus frequency. Response phases were only accepted if the signal-tonoise ratio (SNR) of their corresponding amplitudes were larger than two. Bach et al. 43 recommend a SNR of 2.85 for the use of the responses. However, that estimate is exclusively based on amplitude data. Also taking phase data into account, we often noticed that reliable responses could also be obtained at lower SNRs. A 1808 phase shift was applied to the cone phase results to take into account that they were modulated in counterphase relative to the rods (see Tsai et al., 18 Table 1 ). All amplitude values were included once signals from each eye were corrected for noise by subtraction of the mean noise. Very small amplitudes that became negative after noise correction were made zero. All signals shown are therefore an average of the left and right eyes of each animal, and where specified, the average of these for each group.
Since all experimental data exhibited Gaussian distributions (Komogorov-Smimov normality test, P > 0.1 (Prism version 5.00; GraphPad Software, Inc., La Jolla, CA, USA), parametric methods (t-tests and repeated measures ANOVA) were employed for statistical comparisons. The level of significance during pairwise comparisons of parameters between multiple conditions and measures was adjusted using a Bonferroni correction. Phase relationships as a function of temporal frequency are typically linear, and thus their profiles were Only two (of four) LED arrays were exposed. * Conversion from scotopic candela per meter square m 2 to photoisomerizations/s per rod based on Lyubarsky et al. 41 † All four LED arrays were exposed.
Isolated fitted with a linear regression (y ¼ y 0 þ ax). 25 The slope (a) described the phase change with frequency in degrees per Hertz at photoreceptor-isolating conditions. All regression fits returned a coefficient (r 2 ) >0.80. The slopes were compared using 1-way ANOVA (i.e., set up with mean ¼ a, SEM ¼ SD of a, N ¼ dF þ 1) and subsequent post hoc tests. Comparing parameter y 0 (i.e., y-intercept) of the different regressions revealed whether phases were shifted under the different conditions.
RESULTS
Comparison of Photoreceptor-Specific ERGs From LIAIS and WT Mice Figure 1 displays samples of the isolated rod- (Fig. 1A) and cone-driven flicker ERG waveforms (Fig. 1B) recorded under the mesopic to photopic mean luminance conditions tested from representative LIAIS and WT mice. Signals to all seven temporal frequencies are shown for select retinal illuminances used. Amplitude plots of rod-and L*-cone 8-Hz data after fast Fourier transformation (FFT) are also provided (Fig. 1C) to demonstrate the change in SNR of each response type with mean luminance. The original data may look noisier than those obtained with trains of flashes. This is likely because sine-wave stimuli, in contrast to flashes, do not contain higher harmonics. Furthermore, the stimuli are generally less strong because the maximal contrast is much smaller than with flashes and because only subpopulations of photoreceptors are stimulated (S-cones are not stimulated at all; cones coexpressing S-and L*-pigments are only stimulated by photoisomerizations in the L*-pigment). However, by applying a Fourier analysis, the whole recording period is used, whereas with flashed stimuli often maxima and minima in restricted time windows are analyzed, thereby discarding the rest of the recording period. The amplitude plots (Fig. 1C) show that data with large SNRs can be obtained. The FFTs also show that the fundamentals are substantially larger than the higher harmonics, indicating that harmonic signal distortion is limited.
As expected from our previous study, 18 larger and more regular flicker ERG signals could be recorded from the LIAIS compared to the WT group, since both the rods and cones could be modulated at higher contrasts in the LIAIS strain (i.e., LIAIS cone contrast, 55%; rod contrast, 75%; WT cone and rod contrasts, both 5%). As mentioned in our previous paper, 18 the cone-isolating conditions in LIAIS and in WT animals were nearly physically identical: the actual LED contrasts were slightly different, while the ratios of the LED contrast were identical (i.e., rods and S-cones were assumed to have identical fundamentals in WT and LIAIS mice so that identical conditions were needed for silencing them). Another initial observation is the clear distinction between the physiological properties of ERGs mediated by the two photoreceptor types, specifically, that roddriven activity was greater at lower mean luminances, whereas more luminant conditions evoked larger cone-driven activity. From this it is also possible to point out that the luminance at which ERG responses switch between rod-and cone-dominant processing (i.e., a transition point or range) is likely to be between 1.4 and 7 cd/m 2 with the mean chromaticities used in the present study. Moreover, rod ERGs at higher temporal frequencies (>12 Hz) appear to increase again in amplitude when mean luminance was higher than 21.5 cd/m 2 . The features described above were also reflected in LIAIS (filled symbols) and WT data (unfilled symbols) presented in Figures 2 and 3 . There, the fundamental amplitudes (top panels) and phases (bottom panels) of rod-and cone-driven response waveforms, respectively, are presented as a function of mean luminance (rod isolation range: 0.1-73 cd/m 2 ; cone isolation range: 0.2-130 cd/m 2 ). Since the WT data were very small under all mean luminances (i.e., by up to 100% and 70% for rod and cone amplitudes, respectively, even at their preferred conditions described below, P 0.036), there was not enough dynamic range in their data set to measure the influence of luminance nor that of temporal frequency. Response amplitudes of WT mice (Figs. 2, 3) were often close to zero. The limited WT phase data set also precluded a clear phase relationship to be statistically determined because the phases of noise-like amplitudes were omitted. Still, the limited number of possible comparisons between response phases of WT and LIAIS groups indicated that they were similar under most rod-and cone-isolating conditions (P > 0.05). This sits well with previous studies, which supports the interpretation that the replacement of M-cone pigments in the LIAIS greatly improves the SNR of the recordable photoreceptor-driven signal and does not lead to different functional features from WT mice. 15, 18 Thus, apart from noting the few exceptions below, further analyses will only be carried out on data from LIAIS mice. 
Influence of Mean Luminance on Rod-and L*-Cone-Driven Responses
LIAIS responses to putatively rod-isolating stimuli (Fig. 2) exhibited clear trends. Their amplitudes were much larger at the lower mean luminance conditions (0.1-1.4 cd/m 2 ) compared to those elicited at high luminances in the present study (7-73 cd/m 2 ) and in the previous study (13-130 cd/m 2 , P < 0.05 for comparisons with rod data recorded with the same 39 cd/m 2 stimuli in Tsai et al. 18 ). In fact, rod amplitudes were largest between 0.2 and 0.5 cd/m 2 at most temporal frequencies. Between 0.5 and 1.4 cd/m 2 , rod amplitudes decreased with increasing luminance by 28% to 46%. Further increases in mean luminance resulted in a more severe drop in rod amplitude by up to 91% (e.g., 0.1 vs. 73 cd/m 2 rod-driven amplitudes, P < 0.001). Above about 7 cd/m 2 , however, there was a slight increase in size again, concomitant with a dramatic shift in phase that is particularly noticeable for the 6-Hz responses (i.e., phase delay decreased by approximately 1998 between 7 and 21.5 cd/m 2 , P ¼ 0.028). This secondary amplitude increase (by approximately 12% to 52% between 7 and 73 cd/m 2 ), however, did not reach significance (P > 0.05). Interestingly, WT response phases were consistently smaller than those of LIAIS responses at 7 cd/m 2 , where there is a proposed transition between rod-and cone-driven responses (P 0.007 at all frequencies). This phase difference possibly reflects interactions between rod and residual cone-driven responses to high-luminance rod-isolating stimuli, as proposed by Maguire et al. 21 Otherwise, LIAIS rod-driven response phase increased (indicating shorter response delays) when luminance increased from 0.1 to 7 cd/m 2 (i.e., by between 418 and 948, P 0.002, for 6-to 22-Hz data, with the exception of ERGs at 26 Hz, where rod phases decreased significantly, P ¼ 0.015). When the luminance was higher than 7 cd/m 2 , rod response phases decreased, in agreement with the phases of ERGs recorded at the 39 cd/m 2 setting in the previous study. 18 Taken together, these data strongly indicate that there is a transition in mechanism underlying rod ERG responses at about 7 cd/m 2 . We propose that the small responses at high luminances in the mouse are determined by residual cone signals, as recently reported for humans. The large responses at low luminances are, in comparison, truly rod driven. In the further analysis, we considered only rod-driven responses at luminances below 7 cd/m 2 .
As touched upon above ( Fig. 1) , mean luminance had the reverse effect on isolated cone-driven response amplitudes compared to its influence on the amplitudes of rod-driven signals (Fig. 3 versus Fig. 2 ). That is, cone amplitudes stimulated by modulations at 7 cd/m 2 and higher were significantly larger than those elicited by lower stimulus at 1.4 cd/m 2 and lower luminances (P 0.002), with the maximum cone-driven amplitude seen at 39 cd/m 2 . Conedriven response amplitudes were therefore much smaller than those of rod-driven responses when evoked with stimuli of 0.1 to 1.4 cd/m 2 (i.e., by >50 times) but much larger than rod responses under higher mean luminances (i.e., up to five-fold, all P 0.015). Still, the maximum cone-driven response amplitude (i.e., 2.59 6 0.35 lV at 8 Hz, 39 cd/m 2 ) was almost four times smaller than the maximum rod response (i.e., 9.82 6 3.32 lV at 6 Hz, 0.2 cd/m 2 ). Another distinguishing feature between the responses driven by the two photoreceptor response types was the change in amplitude between luminance conditions at which each photoreceptor type is more sensitive or insensitive (i.e., rod amplitudes up to 223 larger to 1.4 cd/m 2 versus ‡7 cd/m 2 , and cone amplitudes up to 23 larger to ‡7 cd/m 2 versus 1.4 cd/m 2 ) (Fig. 4) . Moreover, cone response phases were generally more stable under the more cone-sensitive conditions, as the slight phase increase with increasing luminance between 7 and 130 cd/m 2 were insignificant (i.e., the phase delay of cone-driven responses did not decrease as much as rod, except at 6 and 14 Hz).
Curiously, the present cone data to 39 cd/m 2 isolation settings were on average quantitatively somewhat smaller compared to those previously recorded at these settings (see Tsai et al. 18 ; P < 0.05 only for 26-Hz comparisons, phases comparable). In regard to the effect of temporal frequency (Fig. 4) , and to some extent luminance, however, they were in the same ballpark. Age-related changes may be in play on the present data, as the LIAIS mice were measured at a substantially older age (9.5-13 months) than the cohort in the previous study (4-5 and 9 months old).
Influence of Temporal Frequency on Rod-and L*-Cone-Driven Responses
We further examined how the rod-and cone-driven response profiles are influenced by the stimulus frequency. replots LIAIS rod and cone data from Figures 2 and 3 as a function of temporal frequency to better illustrate the influence of frequency on individual photoreceptor response types. Since we proposed that high-luminance rod data were driven by residual cone responses and low-luminance cone data were hardly above noise levels, these data sets were not included in the figure. Data sets at 1.4 and 7 cd/m 2 were included in both cone and rod profiles respectively only to provide an overlap and to show the rod/cone switch in visual processing mentioned above.
The most characteristic finding was the low-pass relationship of both rod-and cone-driven response amplitudes (top panels) and linearly decreasing phases (bottom panels) with increasing stimulus frequency (P < 0.001, seen also in Figs. 2 and 3, left to right panels). A low-pass relationship between frequency and cone ERG amplitude to very high-luminance white light on a rod-desensitizing adapting field (800 and 3200 cd/m 2 on 5 cd/m 2 ) was described previously in mice. 44 In general, our L*-cone data were qualitatively similar to Krishna et al.'s 44 study over the corresponding frequency range used in this study. Here, we additionally show that, temporal frequency had a stronger influence on rod-driven responses than on conedriven responses. From 6 to 26 Hz, rod-driven response amplitudes decreased by a factor between 5-to 50-fold, whereas cone-driven response amplitudes decreased by a factor of maximally 5. At 26 Hz, both rod and cone responses were of similar size (t-test, P ¼ 0.294).
The corresponding rod and cone frequency-phase plots ( Fig. 4 ; bottom panels) also showed a negative relationship with temporal frequency. The relationship between phase and temporal frequency could be described with a linear regression. 25 Table 2 summarizes the mean parameters and goodnessof-fit of each linear model describing the response phases at the different mean luminance conditions. When slopes describing the frequency-phase dependency of rod-and conedriven responses at their respective preferred luminance conditions were compared, the rod relationship exhibited steeper slopes (i.e., rods for 0.1-0.4 cd/m 2 , 14.48-198/Hz versus cones for 7-130 cd/m 2 , 11.88-13.28/Hz, corresponding to apparent latencies of 40-53 ms versus 33-37 ms, P ¼ 0.002).
DISCUSSION
The improved capacity to noninvasively assess ERG responses elicited by single photoreceptor types in the LIAIS mouse over the WT mouse using the sinusoidal excitation modulation combined with the silent substitution method is once again highlighted in this study, as in our last. 18 The current findings revealed that much larger rod-mediated flicker ERGs can be recorded from the lower mesopic luminance limb (<7 cd/m 2 ) FIGURE 4. Summary of LIAIS cone-versus rod-only ERG amplitudes (microvolt, top panels) and phases (degree, bottom panels, mean 6 SD) from Figures 2 and 3 , given as a function of temporal frequency (Hertz). Responses to the various mean luminances (photopic candela per square meter) are color-coded (see legend and Table 1 for conversions to scotopic candela per square meter and responses per rod per second). Only plots at luminances where we are certain that the indicated photoreceptor elicited measureable responses (i.e., cone: high luminances of 7-130 cd/m 2 ; rod: low luminances of 0.1-1.4 cd/m 2 ), as well as one luminance level outside this range (i.e., cone: 1.4 cd/m 2 , yellow plots: rod: 7 cd/m 2 , dark blue plots) are displayed. Phase-frequency relationships are modeled with a linear regression (see Table 2 for the parameters of each fit).
compared to the large L*-cone-driven signals at high photopic luminances (>7 cd/m 2 ) when using this technique. Although the prominent difference in the luminance range over which rods and cones are most responsive is a well-known aspect of rod versus cone physiology, the fact that signals originating from the rod versus cone photoreceptor can now also be reliably assessed in controlled isolation (or for a given interaction) and in more detail in the mouse under a neutral adaptation state is otherwise not afforded by flash ERG or flicker ERGs obtained with pulses. In this respect, our results demonstrated that there are distinctions between the frequency characteristics of low-luminance rod compared to highluminance L*-cone-driven signals. Thus, we conclude that the luminance and frequency characteristics of rod and L*-conedriven sinusoidal flicker responses are indeed distinct in the LIAIS and thus likely in the WT mouse. In color-normal humans, rod versus L-cone-driven response profiles previously elucidated exhibit luminance characteristics similar to that of mice, whereas comparatively more tangible differences exist in humans in regard to the influence of stimulus frequency on the visual processes of the two response types.
Luminance Dependency of Rod-and L*-ConeDriven Responses
The regions of maximal rod or L*-cone activity are at opposite ends of the luminance range examined here, as anticipated from flash ERG results from the analogous Opn1mw R strain. 19 Very large rod-driven responses could be recorded between low luminances of 0.1 to 0.5 cd/m 2 (i.e., mesopic conditions, maximum at 0.2 cd/m 2 , 8 Hz, corresponding to approximately 2 3 10 2 to 5 3 10 2 R*/rod/s; Table 1 ). 41 Mean luminance conditions higher than 0.5 cd/m 2 gave rise to increasingly smaller rod-driven responses until their amplitudes reached a minimum between 7 and 21.5 cd/m 2 (i.e., up to 90% smaller at photopic conditions). In the analogous Opn1mw R strain, 19 a response maximum was found for about 10 3~1 0 4 R*/rod/s, which is a factor of 5 to 50 higher than the range found here. A reason for this difference may be related to the difference in the type of stimulation (i.e., sinusoidal modulation versus flashes 19 ). Although the maxima of rod-mediated responses were relatively clear in our 12-Hz and 14-Hz amplitude functions (Fig. 2) , we cannot rule out that lower luminances may evoke even larger rod-driven responses for lower temporal frequencies. However, since rod data from Allen and Lucas 19 show no multiple shoulders or maxima, we are confident that the maximum rod-driven amplitude indeed is around 0.2 cd/ m 2 . It appears, therefore, that the rod-driven response maxima is achieved under mesopic rather than scotopic states of adaptation.
The luminance boundaries for a maximal and selective roddriven response with rod-isolating silent substitution sine-wave stimuli in the LIAIS mice (i.e., approximately 0.1-0.5 cd/m 2 ) corresponds well with a the retinal illuminance for a maximal rod-driven response as reported previously in human observers 21, 23, 36, 45 using analogous modulations at 8 to 15 Hz (which we calculated to be approximately 2 3 10 2 to 8 3 10 2 R*/rod/s). That both Park et al. 45 and Cao et al. 36 found larger rod-driven responses to reach a peak at low mesopic luminances (e.g., compared to more scotopic luminance 2 3 10 1 R*/rod/s) also indicates that the maximal rod-driven response can be found at similar mesopic luminances in mice and human observers. Of course this quantitative comparison makes sense only when similar luminance values also result in similar retinal illuminuances in the two species. This is the case when the ratio of pupil area and illuminated retinal area is similar. Although mouse and human eyes are not completely isometric, the deviations are probably relatively small. 41 In contrast to rod-driven responses that decreased in amplitude with increasing luminance, fundamental responses mediated by L*-cones exhibited the opposite trend: minimal amplitudes to mesopic stimuli of 0.2 to 1.4 cd/m 2 , followed by a gradual amplitude increase to reach a maximum between 21.5 to 130 cd/m 2 (maximum at 39 cd/m 2 , 8 Hz, photopic conditions). Not surprisingly, the optimal flicker luminance window for obtaining robust L*-cone-driven flash ERG responses in Allen and Lucas's study 19 is also higher than the luminance bracket revealed here for flicker ERGs (i.e., approximately ‡10
6 R*/rods/s versus 2 3 10 4 to 10 5 R*/rod/ s, higher by a factor of at least approximately 10-50), similar to comparisons of the abovementioned rod isolation conditions. Be aware, however, that Allen and Lucas's data 19 deals with flashes, whereas we work with sine-wave modulation. As such, the number of photoisomerizations per L*-cone might be different between our studies, depending on the spectral composition of the backgrounds used.
Our window defined for maximal L*-cone-driven responses in LIAIS mice also largely overlaps with the L-cone sensitive boundaries previously described for human participants (i.e., approximately 3 3 10 4 to 2 to 10 5 R*/rod/s). 21, 45 Given that the maximal L-cone-driven flicker responses in humans peaked around 54 cd/m 2 for 8-Hz modulation, 21 we are confident that Note that cone slopes to 0.2 and 1.4 cd/m 2 were excluded from comparisons due to small sample number. Mean luminances at which rod and cone response types are dominant and the luminances over which visual processing switches between rod/cone (i.e., the optimum luminances) are highlighted in bold, and transition luminances in Figure 4 (bottom panels) are highlighted in bold italic. a, slope parameter (degree/Hertz); y 0 , yintercept (degree); R 2 , goodness-of-fit coefficient. * See Table 1. our protocol was able to reveal the maximum L*-cone-driven flicker amplitude for the LIAIS mouse, considering the similarities described above.
A difference worth highlighting between the photoreceptor-specific flicker and flash ERG findings in long-wavelengthshifted mice is the ratio of rod-to-L*-cone-driven response amplitudes. Namely, that the maximal rod-driven flicker responses were larger than maximal L(*)-cone-driven ones by almost 4:1 in LIAIS mice and about 1.4:1 in humans. 21 Maximal flash ERG b-wave amplitudes to rod-isolating stimuli in the analogous Opn1mw R mice, on the other hand, were smaller (i.e., rod-to-L*-cone of 1:2). 19 Since maximal rod-mediated flicker and flash response amplitudes recorded from the two long-wavelength-shifted mice strains were similar in size (~10 lV) despite being elicited at different luminance conditions (i.e., flash~50 3 higher than flicker), the rod-to-L*-cone ratio difference between the ERG modalities suggests that the contribution of mouse L*-cone-driven activity to the flash ERG (i.e., at also 503 higher luminances than flicker) is greater. The difference between LIAIS and human rod-to-L(*)-cone flicker amplitude ratios is likely attributed to the higher rod-to-cone numbers in the rodent retina. 46 As for the phases of the flicker responses, there is an interesting difference between the dependency of rod and cone response phases on luminance. While rod-driven response phases increased with increasing luminance (up to 7 cd/m 2 , where it is assured that the responses are truly rod driven), the phases of L*-cone-driven responses are more stable for luminances above 7 cd/m 2 (where cone-isolating stimuli elicit reliable responses). This may indicate fundamental differences in the signal processing of rod and cone signals. In humans, a monotonic shortening of phase delay has also been described for both rod-and L-cone-driven flicker ERGs over the respective (mesopic and mesopic to photopic) luminance ranges, where their amplitudes sharply increased to a maximum. 45 Although Park et al. 45 did not statistically compare these slope increases, qualitative comparison of their rod-and L-cone-driven luminance-phase profiles suggests that the rod response slope is steeper. They also reported the roddriven response phase delays to be otherwise more prolonged at lower and higher luminances where their amplitudes are small, the latter of which is also evident in our LIAIS rod-driven ERGs to stimuli higher than 7 cd/m 2 . Interactions between fast and slow rod pathways at low-luminance levels and general rod insensitivity at high luminance levels have been proposed to be the cause of the more complex rod luminance-phase relationship. 45 Frequency Dependency of Rod-and L*-ConeDriven Responses Electrophysiological studies using nonspecific and photoreceptor-specific stimuli have shown the mouse to have low-pass frequency-response profiles with a frequency limit of about 30 Hz and have shown that their phases are negatively correlated with temporal frequency in a linear manner, not only for sinewave modulation 18, 44, 47 but also for trains of flashes. 47 Here, we report the same for low-luminance rod and high-luminance L*-cone ERGs. What we additionally demonstrated in the current study is that rod-and L*-cone-driven frequencyresponse functions yielded under their respective preferred luminance conditions exhibit two distinguishing characteristics. Hence, rod-and L*-cone-driven signals in the mouse probably reflect differences in the physiology of the receptors themselves as well as in the postreceptoral retinal circuitry.
For one, the amplitude decrease is much steeper for roddriven signals (i.e., up to 50-fold amplitude decrease in roddriven responses versus up to 5-fold decrease in cone-driven response amplitudes). Similarly, the phases of rod-driven responses also depend more strongly on stimulus frequency compared to L*-cone-mediated ones. The steeper rod frequency-phase relationships indicate that their phases become significantly more delayed relative to L*-cone response phases at higher temporal frequencies. This suggests that their processing mechanisms have different temporal characteristics, which was not manifest in our last study 18 due to the abovementioned use of only high-luminance rod-isolating conditions.
Human L-cone-driven ERG responses are band-pass with a maximum at about 30 to 40 Hz and thus respond strongly to much higher frequencies 22, 48 compared to <18 Hz for mice (see also Tsai et al. 18 and Krishna et al. 44 ). This indicates substantial differences in the processing of cone signals in the human and mouse retina. The low-pass frequency-response profiles of rod-driven responses in the mouse were found to be similar to those reported for human recordings with rodisolating stimuli. 21 We report here a 20-to 50-fold amplitude decrease with increasing frequency between 6 and 24 Hz (see Fig. 4 ). Maguire et al. 21 report about a 10-fold amplitude decrease in that frequency range for human observers (their Fig. 3 21 ). Similar to our results in the mouse, the response phases of isolated photoreceptor-driven responses in humans also decrease linearly with temporal frequency. The frequency dependency of mouse rod-driven response phases suggested an apparent latency of 40 to 53 ms. This is slightly less than the apparent latencies of 60 to 75 ms found in human observers. 21, 36 The apparent latency of mouse cone-driven responses was found to be between 33 and 37 ms compared to 15 to 35 ms found in human observers. 22, 48 In conclusion, the response amplitudes mediated by cone activity in human observers and mice reveal quite different signal processing, although the phase characteristics may be relatively similar. Rod-mediated responses may be similarly processed in mice and humans.
For future studies, it may be worth examining whether the same results could be achieved without the full (overnight) dark adaptation (typically recommended for recording roddominant scotopic flash ERGs in rodents, 1 as adopted here) or with a shorter period of darkness exposure prior to ERG recordings (e.g., 2 hours is sufficient to increase rod sensitivity). [49] [50] [51] [52] If this were possible, as demonstrated in humans (i.e. circumventing the customary 30-minute darkadaptation time 21 ), the total experimental time to record rodonly signals in mice would be greatly shortened.
CONCLUSIONS
Mean luminance and temporal frequency of a stimulus influences the amplitudes and phases of rod-and L*-conemediated flicker ERG responses in different ways. In the mouse, as in humans, only rod-driven signals are generated using stimuli within the defined low-luminance range and cone signals evoked at the high luminances specified can be attributed to visual activity in their respective circuitries. Given the lower (i.e., cone) frequency threshold in mice compared to that in humans, we propose rod-isolating flicker stimuli to be optimal at 2 3 10 2 R*/rod/s and L*-cone-isolating flicker stimuli at 4 3 10 4 R*/rod/s using 8-Hz sine-wave modulation for both types. By employing this paradigm on long-wavelength-shifted mice (like the LIAIS strain), mouse photoreceptor-specific visual function can be assayed with improved specificity, responsivity, and efficiency compared to the current standard methods. It also offers the prospect of examining individual photoreceptor characteristics to a broad range of fixed stimulus conditions in more detail, which is otherwise not permitted when the adaptation state is not kept constant, thereby also improving the prognostic value of the ERG in translational animal research. Finally, prospective studies on hybrid mouse strains crossbred from mice with long-wavelength-shifted cones and those that currently serve as models of human retinal disorders have the potential to improve current insights now that underlying pathophysiological changes can be isolated to a specific photoreceptor subtype-driven circuitry.
